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E-mail address: B.Schoenemann@uni-koeln.deAmong the oldest fossil crustaceans are those of the Late Cambrian (Furongian 499 ± 0.3–488.3 ± 1.7 Ma)
of Västergötland, central Sweden and the lower Ordovician (Tremadocian 488.3 and 478.6 Ma) of the
island of }Oland. These are three-dimensionally preserved in nodules from the so called ‘stinkstone’
(‘Orsten’) limestone. ‘Orsten’-like fossils represent tiny, often meiobenthic organsisms (Haug, Maas, &
Waloszek, 2009) smaller than 2 mm, which mainly were arthropods, especially crustaceans close to
the stemline. As a result of phosphatisation, hairs, bristles and even cellular structures up to 0.3 lm
are preserved (Walossek, 1993), especially compound eyes, as typical for all visually orientated crusta-
ceans (Schoenemann et al., 2011). We show a miniscule prototype of a compound eye (40 lm) in a
small crustacean, which lived almost half a billion years ago. The eye is close to but comfortably estab-
lished above being limited in its resolving power by diffraction, but it is too small to be an apposition eye,
normally regarded as the basal form of all compound eyes, as is found in bees, dragonﬂies, crustaceans
and many other arthropods still living today. The facets of this compound eye are 8 lm in size, the sur-
face structure indicates the relicts of a tiny lens covering each facet. In order to work functionally and to
ensure that that diffraction and waveguide problems were avoided, it seems reasonable to suppose that
the compound eye consisted of visual units, each with a single photoreceptor cell directly below a weak
lens for capturing and slightly focusing the light. The entire unit has a diameter similar to that of a normal
sensory cell as found in compound eyes. Thus, the early compound eye analysed here may be interpreted
as a prototype representing the earliest stages of the evolution of crustacean compound eyes.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Compound eyes are a characteristic of euarthropods, and many
different functional types, adapted to different ecological require-
ments have been developed during their evolution. The oldest
compound eyes have been proved among trilobites (522 Ma
Clarkson, Levi-Setti, & Horváth, 2006) and in arthropods of the
Chengjiang fauna (525–520 Ma. Schoenemann & Clarkson, 2013)
from the Lower Cambrian. The compound eyes from the Chengji-
ang fauna most often are generally different from those of today,
consisting of spherical visual units repetitively united in a single
compound eye system, as in Isoxys auritus Jiang, 1982,Waptia ovata
Li, 1975, Anomalocaris sp. and many others. Only few species of this
fauna show dense hexagonally packed compound eye systems,
such as Cindarella eucalla Chen, Ramsköld, Edgecombe and Zhou,
1996, which shows also a secondary eye system, in other
words median eyes, characterising C. eucalla as an euarthropod
(Schoenemann & Clarkson, 2013).
Further detailed records of Palaeozoic compound eyes are re-
vealed by calcareous stinkstone concretions found in the Cambrian
Alum Shale from Sweden (Schoenemann et al., 2011) and thell rights reserved.slightly younger lower Ordovician crustaceans from Öland, Swe-
den. Both belong to so-called ‘Orsten’ fossils, secondarily phospha-
tised and mostly hollow-bodied microfossils of 0.1–2 mm in length
(Haug, Maas, & Waloszek, 2009; Maas et al., 2006). The organisms
of this fauna were mainly meiobenthic, living above an oxygen-
depleted marine ground. They represent arthropods belonging to
different crustacean groups, often close to the stemline, but there
are also lobopods, pentastomids, nemathelminthes and many
others. The fossils are three dimensionally preserved and allow
the analysis of ﬁnest details up to 0.3 lm, such as hairs, bristles,
and especially compound eyes (Castellani et al., 2012; Maas
et al., 2006; Schoenemann et al., 2011).
The present analysis offers insights to a true compound eye, of
which the hexagonal facets are preserved, of a tiny crustacean from
the Tremadocian (488.3 ± 1.7–478.6 ± 1.7 Ma, early Ordovician)
from Öland, Sweden (Fig. 1A, B and F). Each visual unit probably
possessed a small dioptric apparatus, similar to the crystalline cone
of today’s crustaceans, able to collect and focus light at least to
some extent. The system belonged to a small eucrustacean, and
its eye worked comfortably above the limits set by diffraction,
but of such a small size that suggests that it consisted of just a sin-
gle photoreceptor cell directly below the refracting system. This
simple tiny system may well represent a very early stage in the
evolution of compound eyes in crustaceans.
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2.1. Location
The origin of the material is a cliff at the NW coast of the island
of Öland, Sweden, between the villages Djupvik and Äleklinta. To
release the fossils, the nodules were broken to smaller slices of c
0.5 cm size and dissolved using 10% acetic acid. The dried material
was examined using a light microscope and the fossils discovered
were collected with a wet brush and put into a small glass with iso-
propyl, which dries out quickly and ensures that the complete fos-
sils show no trace of any treatment. They can then be investigated
with the SEM; this was undertaken by D. Andres, and B. Strauss at
the Bundesanstalt für Materialprüfung, Berlin and at the Freie Uni-
versity of Berlin. Six of these extremely rare fossils exist, and ﬁve
compound eyes are preserved well enough to be investigated.
The measurements were made from scanning electron
micrographs.
3. Arthropod eyes
By contrast with vertebrates which have highly resolving eyes
of camera type, and bearing retinas, there exist in arthropods,Fig. 1. The compound eye of an ‘Orsten‘-crustacean. (A) Ventro-lateral aspect showing t
broken, and thus missing. (B) Ventral aspect of another specimen. (C) Ventral aspect
antennae. (D) Compound eye, the edge of the visual surface being marked by a slight rim
the carapace and the biramous appendages (arrows). (G) Part of the visual surface, show
(H) two facets, one collapsed forming a central ridge beside an almost intact domed face
proboscis (mouth).two different eye systems. The ﬁrst are the so-called median eyes,
which are simple eyes, each with a tiny retina ﬂooring a small cup,
the ocellus. Median eyes usually do not have the function of ‘vi-
sion’. They steer diurnal rhythms, stabilise the horizon of vision
during ﬂight or undertake various other functions, which are not
always known (Land, 1981; Land & Nilsson, 2002). Ocelli are typi-
cal of Chelicerata, where also, as in tardigrades and myriapods the
ocelli, as modiﬁed, become the ‘main’ visual system. In all other
arthropods (crustaceans and insects) this task is taken over by
compound eyes. Compound eyes consist of repetitively identical
visual units, the so-called ommatidia, and up to 20.000 can be in-
stalled in one eye, as in the dragonﬂy Aeschna. Each ommatidium
consists (among Mandibulata) typically of eight sensory cells. In
the most basal type of ommatidia, the so called apposition eye,
their microvilli build a light-guiding central axis, the rhabdom,
and contain the visual pigments, which change their sterical form
if the light impinges on them, and thus produce a weak electrical
signal which can be processed by the nervous system of the organ-
ism. The light is focused onto it through a lens, which can be seen
from the outside as a hexagonal facet. Because the difference of
refractive indexes between water and organic material is not high
enough to ensure sufﬁcient refracting properties, aquatic organ-
isms have more-or-less sophisticated dioptric apparatuses for thehe ﬁrst antennae (a1) and the stalked compound eyes (e). The second antennae are
showing clearly the position of the compound eyes between the ﬁrst and second
(arrow). (E) Surface of the compound eye. (F) Aspect of an entire specimen, showing
ing the hexagonal facets, their central ridges and the double edges of adjacent units
t. Abbreviations: a1 – ﬁrst antennae, a2 – second antennae, e – compound eyes, p –
B. Schoenemann /Vision Research 76 (2013) 89–93 91collection of light. In apposition eyes each individual ommatidium
works separately and is isolated by a screen of pigmentary cells.
Adaptional forms, where the light of adjacent ommatidia is used
for image formation to enhance sensitivity, so called superposition
eyes, did not originate before the Devonian (Gaten, 1998) and are
thus far younger than the system investigated here.
Within the visual ﬁeld of one ommatidium in apposition eyes
all contrasts are combined into one average impression, thus a
compound eye of this type forms a mosaic like vision, and each
ommatidium contributes like a pixel to a computer graphic.
Stalked eyes are typical for crustaceans with a carapace, thus
enhancing the visual ﬁeld, since the head cannot be moved.4. Description of a miniscule crustacean compound eye
4.1. The crustacean
The arthropod investigated here was described in great detail
by Andres (1989), but has not been assigned to any species so
far. The six thoracic segments suggest some systematic relation
to Copepoda and Remipedia, but possibly these specimens do not
represent adult organisms. It possesses two pairs of antennae, bira-
mous appendages, and a carapace, which identiﬁes it as an eucrus-
tacean (Andres, 1989).
The ovoid structure described here lies between the ﬁrst and sec-
ondpair of antennae (the latter is broken and thus shortened (Fig. 1b
and c)), indicating this structure as homologous to the stalked com-
pound eyes of anostracans and e.g. decapod malacostracan crusta-
ceans such as Artemia salina (Linnaeus, 1758), or crabs and shrimps
or other crustaceans with a carapace. The eyes of Upper Cambrian
crustaceans are slightly older than those here investigated. Some
of them have proper compound eyes as Henningsmoenicaris scutula
Walossek and Müller, 1990 or Cambropachycope clarksoniWalossek
and Müller, 1990. Others however have stalked eyes, but do not
show any facetted surface, such as Wujicaris muelleri (Zhang et al.,
2010). Those eyes lie in front of the ﬁrst antennae, thus they cannot
be homologous to the compound eyes analysed here. Instead they
are homologous to dorsal median eyes, which are well known not
to be compound eyes at all, but consist of small organs with retinae,
which is, of course, the reasonwhyno facetshaveeverbeenobserved
in these stalked eyed systems so far (compare Müller & Walossek,
1985; Zhang et al., 2010). In the specimens analysed here, no second
eye-system in front of the second antennae can be made out.
The external shape of the eyes analysed here is more-or-less
symmetrical and ovaloid, having a smooth surface with a length
of 41.63 ± 4.86 lm and a maximal diameter of 23.17 ± 1.10 lm.
The eyes are positioned on a thick, crinkled oval stalk which has
approximately the same length as that of the eye. The distal surface
shows regularly arranged ridges, which are orientated in parallel to
the longitudinal axis of the eye (Fig. 1E). These ridges lie within
hexagonal to almost squared areas of 8 lm size. The margins of
these areas are marked by small walls, circumferentially arranged
around each ﬁeld (compare Fig. 1E and G). There are 20 of these
hexagonal facets inside of each eye, regularly arranged and obvi-
ously indicating a compound eye. Some of the facets appear like
a slightly shrunken form of the original condition (comp. Fig. 2),
while there exist transitions between both. The ridges well may
have resulted from the shrinkage of a former slightly domed sur-
face of the hexagon, still preserved in rare cases as can be seen
in Fig. 1H.4.2. Analysis
Tiny eyes, such as that here investigated, may have problems in
functioning due to their small size. Light from a point source, pass-ing through a tiny hole or lens, will not form a point-formed image
at the other side, but a bright disc which is surrounded by dark and
bright rings. This so called ‘Airy Disk’ is the result of diffraction at
the rim of the opening and the smaller the opening, the larger the
‘Airy Disk’, which depends also on the wavelength of light (for
more detailed information see textbooks of optics such as Hecht
(2001)). This phenomenon inﬂuences the resolving power of the
system, because two independent point sources of light cannot
be distinguished, if these, ‘Airy Disks’ of both point sources merge.
By deﬁnition, two point sources can only be distinguished sepa-
rately, if the ﬁrst maximum of light distribution of the ‘Airy Disk’
of the ﬁrst point source is no closer than where it would fall into
the ﬁrst minimum, the ﬁrst dark ring, of the other. If it was, both
point sources would be recognised as one. The corresponding angle
between the two point sources is called the optical resolution U. In
the case of an ommatidium functioning optimally, this corresponds
to the smallest angle between two point sources such that one
point source stimulates it to the greatest possible extent, and the
neighbouring source not at all. Two point sources can be resolved,
if they stimulate alternate ommatidia, leaving an unstimulated
zone in between.
Barlow in 1952 developed a model to decribe the lower limits of
minimal size of ommatidia for optimally designed compound eyes,
with respect to diffraction. As the quality of a computer graphic de-
pends on the number of pixels, the resolution of an image formed
by a compound eye depends, among other parameters, on the
number of facets. As such, the facets should be as small as possible
within the limited space of a compound eye, while in the case
investigated here the eye and its visual units are in any case small,
without regard to a high resolution.
Typical compound eyes have at least a small angle Du between
the axis of adjacent ommatidia. If this interommatidial angle Du is
greater than or equal to the optical resolution U, the central omma-
tidium out of three adjacent as mentioned above, will be excited
little or not at all. In the same way, in a compound eye in which
the angular separation Du is equal to or greater than the angular
resolving power U of each ommatidium, the resolution of two
points separated by twice this angle should be facilitated easily
(2Du = U, Du = 0.5U). Barlow shows in his model (Barlow, 1952,
Fig. 2), that if, however, the angular separation of the ommatidia
Du was less than 0.4U, the central ommatidium received more
light than the ﬂanking ones, and as a result two point sources sep-
arated by 2Du can no longer be resolved separately. Thus, Du
should be greater than 0.4U and smaller than the resolving power
U (0.4U < Du < U).
The lower limit of size that an ommatidium should have, as rel-
evant here, with respect to diffraction, to function effectively to re-
solve two point sources in an actually existing compound eye was
worked out by Barlow (1952) as follows.
If D is the diameter of an ommatidium, n the number of facets
inside a row of ommatidia, d the length of the row (lm), a the
angular ﬁeld of the row, then in densely packed systems from
n  Du = a and n  D = d is Du ¼ aDd (k = wavelength of light,
450 nm).
The resolving power of each facet like that of a telescope is
U ¼ 1:22kD .
If the lower limit of the facet is Du = 0.4U, U ﬁnally results by
insertion a lower limit D of an ommatidium to: D ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:49kd
a
q
.
The fossils investigated here are extremely rare, and only six
specimens exist, with ﬁve compound eyes preserved well enough
to be evaluated. The mean diameter of the facets lies at
7.8 ± 0.7 lm along the long axis of the hexagon of the facet,
5.4 ± 0.5 lm along the short. The standard deviations cited here
indicate that the variance between the ﬁve investigated eyes is
rather low. The length of rows runs from 36.5 lm up to 58.5 lm
(46.13 ± 8.5 lm), the angular ﬁeld varies from 45 up to 120
Fig. 2. Visual units. (A) Intact cell system. The dome-like cup may have functioned like a weak lens. Insert: Cross section. Whether this cell already had any receptive process
or not is not known, thus the line is dotted. (B) Shrunken dome after the death of the animal. Insert: Cross section.
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limit of size D for the facets of all ﬁve investigated eyes to
2.7 ± 0.44 lm. These calculations show, that the system of this tiny
crustacean has its facets comfortably established above these dif-
fraction-limited demands for an effective resolving power.
Besides the problems of acuity, which arises for small optical
systems by diffraction, there is still another issue. As mentioned
before, light originating from one pointformed source, passing
through a tiny opening, or a lens, produces interference patterns
at the rim of the hole. Thus, at the other side, there is no point-like
image again, instead there is an ‘Airy Disk’ surrounded by numer-
ous dark and bright rings. These bright rings diminish in intensity
with the distance from the central bright disc, each separated by
dark rings. This pattern is described by the so called Bessel
function:
E ¼ eAe
iðxtkRÞ
R
Z Z
Opening
eikðYyþZzÞ=Rds
Polar coordinates: z = qcosuy = qsinuZ = qcos/Y = qsin/, E elec-
trical ﬁeld, eA strength of source per unit of area ds, kk = 2p/k, R dis-
tance of the middle of the opening to a far distanced point P, Yy, Zz
coordinates, ds element of the area. (more detailed explanations see
Hecht, 2001, p. 686)
The width of this pattern depends upon the width of the hole
(or lens) D. The dependence of the width of an ‘Airy Disk’ in a lens
system can be described using the Rayleigh criterion R ¼ 1:22f kD,
where R is the radius of the ‘Airy Disk’ , f the focal length, and D
the aperture, the diameter of the lens (dioptric apparatus) and k
the wavelength of the light going through. Thus, as the diameter
of ‘Airy Disk’, depends on the distance from the hole respectively
lens.
The ﬁrst minimum of the Bessel function lies at R1 ¼ 1:22fkD , and
contains 84% of the incident light, the second minimum R2 ¼ 2:23fkD
91%, etc. This makes it obvious, that the smaller the hole, the wider
the ‘Airy Disk’ and its bright rings on the other side. Finally at an
inﬁnitely small hole the distribution of the light became inﬁnitely
wide, meaning that it became dark at the other side of the hole. If
the width of the ‘Airy Disk’ becomes wider than the receptive
structure below, a small lens will lose light instead of collecting
and focusing it. Moreover, since in a compound eye all parts of
the light distribution wider than the lens, such as obliquely enter-
ing light, normally will be absorbed in a pigment screen, and this
absorbed light will be lost for vision.
Thus, in very small eye systems it would be most effective to set
the receptor directly below the lens. This would avoid any loss of
light due to diffraction, because this would not be produced. In sys-
tems such as ocelli, the sensory cells surround the lens, so no dif-
fracted light will be lost.
Land in 1981 (p. 483) calculated that in order to absorb 80% of
the incident light a rhabdom must be at least 240 lm in length,which is not possible in an eye smaller than 50 lm in size. It pre-
cludes any possibility that this eye was equipped with a proper
ommatidium such as that of an apposition compound eye. The data
presented here, however perfectly match the sizes of photorecep-
tors, which in living insects and crustaceans reach from 2 to
10 lm in diameter and from 10–300 lm in length (D.-E. Nilsson
oral communication, 2011). If this eye had been a typical apposi-
tion eye, with 8 sensory cells, each of these cells would have
had a size smaller than 2 lm in diameter, which actually is at
the lower physical limit of sensory cells. The smaller the photore-
ceptor, the more poorly it absorbs light and the more it becomes
coupled optically to its neighbours (Snyder, 1977, p. 266), because
of the limiting wave character of light.
If we assume that the ridge like structure inside of each hexa-
gon (Fig. 1E and G) is the result of a collapsed membranous (?)
dome, originally ﬁlled with an organic material, it may have func-
tioned as a weak lens. The difference between the organic material,
perhaps a viscous and dense ﬂuid, and sea water would inevitably
have been rather low, but this structure lies at a functionally com-
parable position to the crystalline cone of the more complex struc-
ture of apposition eyes of living crustaceans. Thus it may have
worked as a weak lens focusing into a single sensory cell of a rea-
sonable size (5–8 lm in diameter) to function. It seems highly
probable that the visual system of the tiny Ordovician crustacean,
whether it is a larval or adult, was a prototype of a compound eye,
which by enlargement and three further divisions of sensory cells
(23 = 8) developed during later evolution to the typical crustacean
compound eye of which we know today.
5. Conclusion
The eye of the still unspeciﬁed, three dimensionally preserved
‘Orsten’-like crustacean, from the lower Ordovician from Öland,
Sweden, is morphologically positioned between the ﬁrst and sec-
ond antennae. Thus it is homologous to the stalked compound eyes
of modern crsutaceans, and different from older ones found in the
nodules of the Upper Cambrian of the area of Mt. Kunnekülle,
Västergötland, Sweden. The latter lie in front of the ﬁrst antennae,
homologous to median eyes of modern euarthropods, which are
not compound eyes at all. The ovaloid eyes of the tiny crustacean
discussed here, positioned on small wide stalks, have a visual sur-
face with 20 hexagonal or almost squared units, which are char-
acterised by a conspicious ridge on their median surface. These
ridges are interpreted as shrunken relics of original dome like ele-
vations in the surface, still preserved in some cases (Fig. 1H). They
collapsed when the internal ﬂuid dried out after the animal died,
and formed wrinkled structures in the middle of the hexagons. Be-
cause the hexagons are larger than the smallest visual unit possible
limited by diffraction, as deduced after Barlow, it seems rather
probable, that these domes functioned as weak lenses. The recep-
B. Schoenemann /Vision Research 76 (2013) 89–93 93tive system is far too small to have been a proper apposition eye
equipped with eight sensory cells and a central rhabdom, though
it has the shape and form of ‘normal’ densely hexagonal packed
photoreceptor units. Putting all these factors together, the result-
ing model is of a very simple kind of compound eye, probably with
an ‘experimental’ small lens, a space below a thin cuticle ﬁlled with
some organic material, weakly collecting light over a single, regular
light sensitive cell. If these primitive units were isolated from each
other optically it would produce a very simple mosaic like image
such as in larger apposition eyes. Otherwise, it would be a further
indication, that this kind of eye represents a very early stage in
development of stalked compound eyes in crustaceans, perhaps
among the ﬁrst so far ever, and before any division into several
sensory cells.
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